Until the discovery in 1964 of the systemic fungicidal nature of organic compounds called oxathiins (27) , few fungicides were known to be translocated through plants. Because the oxathiins do move through plants, they have been shown to be valuable for control of smuts, rusts, and some seedling diseases (9) . A unique feature of the oxathiin carboxin (5,6-dihydro-2-methyl-1,4-oxathiin-3-carboxanilide) is its specificity for members of the fungal class Basidiomycetes (7) , although there are a few members of the Deuteromycetes and the Phycomycetes that are also sensitive to carboxin or its isomers (6, 23) . Sensitivity of fungi to carboxin appears to be at least partially related to the amounts that enter a cell (13) .
Studies with whole cells of fungi have indicated that carboxin inhibits respiration of sensitive species (14, 17) . Furthermore, carboxin inhibits the metabolism of acetate to a much greater degree than it does metabolism of glucose. In addition, when carboxin-treated cells are exposed to glucose-U-"C, acetate-i-"C, or ' acetate-2-"C, a build-up of label in succinate occurs with a decreased amount of label in citrate, fumarate, and malate. These observations suggested that carboxin inhibits the citric acid cycle or the electron transport system. Recent studies with isolated mitochondria from sensitive fungi, as well as from beans and rat liver, have shown that carboxin does inhibit in a noncompetitive manner the oxidation of succinate but has little effect on the oxidation of reduced nicotinamide adenine dinucleotide (NADH) (16) . Little effect was noted on oxidative phosphorylation.
This study was undertaken to determine more precisely the site of action of carboxin on the electron transport system of fungi. A recent report by White (28) has suggested that the site of action appears "to be on succinic dehydrogenase or on an electron carrier component immediate to the dehydrogenase." Our report confirms and extends the work of White (28) . The effect of carboxin on mitochondria of higher plants and animals was also studied so that effects could be related to toxicological studies presently underway. (13) . Mitochondria from these fungi were isolated as described by Mathre (16 Succinate-dichlorophenolindophenol (DCIP) reductase was assayed by the decrease in absorbancy at 600 nm resulting from the reduction of DCIP. Specific activity was calculated by using an extinction coefficient of 21 x 10' M-' cm-' for DCIP (26 
RESULTS
Carboxin at 100 ,M inhibited to varying degrees succinate-cytochrome c reductase from all of the organisms tested but failed to have any effect on NADH-cytochrome c reductase (Table 1) . Succinate-coenzyme Q reductase was strongly inhibited by carboxin while NADH-coenzyme Q reductase was not ( Table  2 ). These data would indicate that carboxin is inhibiting complex II (12) of the electron transport system, i.e., the catalyzed reduction of coenzyme Q by succinate (Fig. 1) .
Because succinic dehydrogenase is an integral part of complex II, attempts were made to assay this enzyme in intact mitochondria, mitochondrial fragments, and in a soluble form. When DCIP was used as the terminal acceptor of the electrons from the oxidation of succinate, carboxin was very effective in inhibiting succinate-DCIP reductase (Table 3) . However, when PMS was used as the initial electron acceptor from succinic dehydrogenase, 100 ,uM carboxin inhibited the oxidation of succinate by intact mitochondria from U. maydis by 59% compared to the 100% inhibition of succinate oxidation when DCIP was used as the terminal electron acceptor in the absence of PMS. Because the work described above had involved intact mitochondria as the source of succinic dehydrogenase, attempts were made to utilize enzyme that had been released from the mitochondria by sonic treatment or solubilization. This would allow a study of the effect of carboxin on succinic dehydrogenase without the complicating structural factors that use of intact mitochondria imposes. Mitochondria from U. maydis and S. cerevisiae were subjected to sonic oscillation and differential centrifugation or to drying with n-butanol followed by solubilization of succinic dehydrogenase with alkaline buffer (22) . As seen in Table 4 , when the PMS-DCIP assay for succinic dehydrogenase was used, carboxin failed to inhibit this enzyme when it was not bound to structural units.
Previous work with whole cells of various fungi indicated that the oxidized analogues of 27 ,000 x g for 20 min. The supernatant liquid was used as the enzyme source.
carboxin were less toxic than carboxin (15, 23) . A similar phenomenon was noted when the oxidation of succinate was studied using mitochondria of U. maydis (16) . As seen in Table  5 , the nontoxic monoxide of carboxin, F831, is able to inhibit the various enzymes of the electron transport system but not to the same degree as the dioxide oxycarboxin and the parent compound carboxin. F416, the carboxamide 
DISCUSSION
Carboxin appears to be an inhibitor of complex II of the electron transport system in a variety of organisms, including sensitive fungi (U. maydis), resistant fungi (S. cerevisiae), higher plants (P. vulgaris), and animals (pig heart). The degree to which carboxin affects this complex varies between organisms, with fungal and animal systems being more sensitive than those in higher plants. Studies on the succinoxidase in mitochondria from various organisms have also indicated a similar range in sensitivity (16) .
Other fungicides such as thiabendazole and pyrollnitrin are also known to inhibit the electron transport system in various organisms. Both compounds inhibited succinate-and NADH-cytochrome c reductase, which contrasts with the lack of effect of carboxin on NADH-cytochrome c reductase (1, 25, 29, 30) . Carboxin does not appear to have the same site of action as many other known inhibitors of the electron transport pathway. However, its action is similar to that of TTB. Rotenone is known to inhibit NADH oxidase but not succinate oxidase (8) , and, in U. maydis, rotenone did inhibit NADH-cytochrome c reductase while carboxin did not. Antimycin A is believed to inhibit electron transport at a site between cytochromes b and c (19) and as a result inhibits both succinate-and NADH-cytochrome c reductase. Such was the case in U. maydis, even though the wild-type cells of U. maydis used in this study have been shown to shift their pathway of electron transport in the presence of cyanide or antimycin A, probably at a site preceding cytochrome c (20) . Carboxin, on the other hand, inhibited only succinate-cytochrome c reductase and not NADH-cytochrome c reductase in U. maydis.
The exact site of action of carboxin within complex II is still unknown but may involve inhibition of succinic dehydrogenase. However, when this enzyme is assayed in its soluble form rather than in intact mitochondria, it is insensitive to carboxin (Table 4 ). There may be precedence for this, however, in that Bruni and Racker (4), working with beef heat mitochondria, noted that TTB did not inhibit soluble succinic dehydrogenase, but, when this enzyme was reconstituted into a structural complex with cytochrome b and coupling factor F4, sensitivity to TTB did return. White (28) The oxidized isomers of carboxin are not as toxic to carboxin-sensitive fungi as is carboxin (15, 23 ). This appears to be partially related to the ability of these compounds to inhibit the oxidation of succinate (16) . However, the monoxide F831, which is essentially nontoxic, is able to partially inhibit succinate-cytochrome c reductase, thus indicating that its lack of toxicity may be related to other factors such as entry into the cell. 
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